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Edited by Lukas HuberAbstract To examine the involvement of lipid rafts in an age-
associated decline in T cell function, we analyzed the eﬀect of
aging on the constituents of lipid rafts in resting mouse CD4+
T cells. We found a pronounced, age-dependent reduction in
PAG/Cbp, which is involved in the regulation of Src family ki-
nases (SFKs) by recruiting Csk (a negative regulator of SFKs)
to lipid rafts. This reduction is speciﬁc for T cells and is attrib-
uted, at least in part, to the reduction in its mRNA level. The
reduction of PAG accompanies marked impairment in recruiting
Csk to lipid rafts and a concomitant decrease in the inactive
forms of SFKs. These ﬁndings indicate that old mouse CD4+
T cells have a defect in a negative SFK regulatory system.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Lipid rafts1. Introduction
It is generally accepted that T cell functions, such as IL-2
production and proliferation, are decreased in cells from el-
derly humans and old mice [1,2]. These functions are mostly
controlled by signal transduction following T cell receptor
(TCR) stimulation. Several reports suggest that alterations in
tyrosine kinase activity, intracellular Ca2+, inositol phos-
phates, protein kinase C, and so on, may contribute to changes
in signal transduction with age [3,4]. However, the exact
molecular mechanisms of the age-related decline in T cell func-
tion remained unclear.
Accumulating evidence suggests an important role for lipid
rafts in TCR signaling [5]. Lipid rafts are characterized as
functional membrane domains enriched in sphingolipids and
cholesterol, in which various signaling molecules reside [6]. It
is believed that TCR signaling is controlled by two systems,
namely, positive (lead to activation) and negative (lead to inac-
tivation) regulatory systems in lipid rafts. The positive regula-
tory system is summarized as follows [7]. Ligation of TCR with*Corresponding author. Fax: +81 3 3579 4776.
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ation of the TCR with lipid rafts serves to bring it into prox-
imity with raft-resident SFKs such as Lck and Fyn, resulting
in the initiation of signaling by tyrosine phosphorylation of
immunoreceptor tyrosine-based activation motifs (ITAMs) lo-
cated in CD3 subunits associated with the TCR. The phos-
phorylation of ITAMs allows the recruitment of a Syk
family kinase, ZAP-70, and the recruited ZAP-70 is activated
and then phosphorylates the linker of activated T cells
(LAT). LAT then ligates phospholipase C-c1 (PLC-c1) and
other molecules, and activates several downstream signaling
pathways, leading to gene regulation, proliferation and actin-
reorganization. The negative regulatory system can be summa-
rized as follows. The activity of SFKs is negatively controlled
by Csk, a cytoplasmic protein tyrosine kinase. The SFKs are
predominantly membrane-associated; thus, to regulate SFK
activity, Csk has to translocate from the cytosol to the plasma
membrane. It is thought that PAG/Cbp (a phosphoprotein
associated with glycosphingolipid-enriched microdomains;
Csk-binding protein) (hereafter named PAG) plays a role in
this translocation [8,9]. In resting T cells, PAG is tyrosine
phosphorylated, seemingly as a result of the action of Fyn
[10], and thus cytosolic Csk is recruited to lipid rafts by bind-
ing to the phosphorylated PAG. The recruited Csk phosphor-
ylates a regulatory tyrosine of SFKs and controls their activity
in a negative fashion.
Lipid rafts have been thought to play an important role in
both regulatory systems. Therefore, it is conceivable that the
age-associated decline in T cell function is caused by a deteri-
oration or functional aberration of lipid rafts. Several studies
have focused on the alteration in the positive regulatory system
with aging [3,4,11], although no satisfactory explanation has
yet been found. Meanwhile, few studies have examined the
alteration in the negative regulatory system. In this study, we
analyzed the eﬀect of aging on the constituents of lipid rafts
with a focus on the negative regulatory system. Surprisingly,
we found that old mouse CD4+ T cells have a defect in a neg-
ative SFK regulatory system.2. Materials and methods
2.1. Mice and cell isolation
Male C57BL/6 mice (young, 4–6 months old; middle-aged, 12–16
months old; old, 24–26 months old) were obtained from the Tokyo
Metropolitan Institute of Gerontology. They were maintained in ablished by Elsevier B.V. All rights reserved.
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the institutional guidelines for animal care. Mice with malignant lym-
phomas and those having large spleens were excluded from the study.
CD4+ T, CD8+ T and B cells were puriﬁed by magnetic cell sorting
depletion from pooled (3–4 mice) spleen cells, according to the manu-
facturer’s protocol (Miltenyi Biotech). The purities of the isolated lym-
phocytes were evaluated by ﬂow cytometric analysis, and were each
more than 90% pure.2.2. Reagents
Protein G-Agarose was from Sigma–Aldrich. Anti-PAG IgG was
produced as described previously [12]. Anti-Lck, anti-Fyn, anti-Csk,
anti-LAT IgGs, and antibody-conjugated agarose beads were from
Santa Cruz. Anti-ZAP-70, anti-PLC-c1, anti-CD3 (clone 145-2C11)
and anti-CD28 (clone 37.51) IgGs were purchased from BD Biosci-
ence. Phospho-speciﬁc antibodies towards Y394 (Y416 in Src) and
Y505 in Lck, Y417 and Y528 (Y416 and Y527 in Src, respectively)
in Fyn were from Cell Signaling. Anti-phosphotyrosine IgG (clone
4G10) was obtained from Upstate.2.3. RT-PCR
Total RNA was isolated from lymphocytes using NucleoSpin RNA
II (Macherey-Nagel) according to the manufacturer’s protocol. RT-
PCR was carried out using RT-PCR high-Plus- (Toyobo). Primers
for PAG (sense: 5 0-TACTGAGCAGTGGGCAGATG-3 0; antisense:
5 0-CTCCTTCAAGGCAGAAGTGG-30) and for glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (sense: 5 0-ACCACAGTCC-
ATGCCATCAC-3 0; antisense: 5 0-TCCACCACCCTGTTGCTGTA-
3 0) were used for PCR ampliﬁcation (30 and 26 cycles, respectively).
The ampliﬁed products were analyzed by electrophoresis in 2% agarose
gels with visualization by ethidium bromide staining.2.4. Triton X-100 treatment and lipid raft preparation
Lymphocytes were incubated with 0.1% Triton X-100 in TNE buﬀer
(25 mM Tris/HCl, pH 6.8, 150 mM NaCl, 1 mM EDTA) supple-
mented with protease and phosphatase inhibitors [12] for 15 min on
ice. Then the cells were lysed and the cell lysates were centrifuged at
175000 · g for 60 min at 4 C. The recovered supernatants were desig-
nated the Triton X-100-soluble fraction (TSF). The insoluble pellets
were resuspended in the same volume of TNE buﬀer and designated
the Triton X-100-insoluble fraction (TIF). Lipid rafts were prepared
from Triton X-100-treated cell lysates by sucrose density gradient frac-
tionation [12].
2.5. Immunoprecipitation and Western blotting
Lymphocytes were lysed in TNE buﬀer containing 1% n-octyl-b-D-
glucoside supplemented with protease and phosphatase inhibitors.
After 30 min of incubation on ice, the cell lysates were centrifuged
and the supernatants were incubated with antibody-conjugated aga-Fig. 1. Age-dependent changes in the level of proteins involved in positive an
young (Y), middle-aged (M) and old (O) mice were treated with 0.1% Trito
(TSF) and insoluble fractions (TIF). Proteins in each fraction were detected
recovered in TIF. (B) Lipid rafts were prepared from cell lysates by sucrose de
proteins in lipid rafts were analyzed by Western blot. The amounts of samprose beads at 4 C overnight. Thereafter, the immune complexes were
washed and subjected to Western blotting. Western blotting was per-
formed as previously described [12].3. Results
3.1. Age-dependent changes in the expression levels of positive
and negative regulatory molecules
We ﬁrst analyzed the eﬀect of aging on the expression levels
of positive and negative regulatory molecules related to lipid
rafts in resting CD4+ T cells. In this experiment, the constitu-
ents of lipid rafts were prepared by centrifugation as the Triton
X-100-insoluble fraction (TIF). Immunoblot analysis shows a
pronounced, age-dependent reduction in the amount of
PAG, which is involved in the regulation of SFKs by recruiting
Csk to lipid rafts (Fig. 1A). The amount of Csk, a negative reg-
ulator of SFKs, in TIF also decreases with age. By contrast, no
signiﬁcant changes were observed in the levels of molecules in-
volved in positive regulation, such as LAT, Lck, ZAP-70, and
PLC-c1. Fyn, which is involved in both regulation systems,
showed no signiﬁcant change either.
To characterize the age-associated reduction in PAG in
more detail, we next prepared lipid rafts by sucrose density
gradient fractionation. PAG is predominantly recovered in raft
fractions and its age-dependent decrease is clearly shown
(Fig. 1B). In contrast, no age-associated changes were detected
in the amounts of either LAT, an adaptor protein involved in
positive regulation, or ﬂotillin, a typical raft marker protein.3.2. Expression levels of PAG protein and mRNA in
lymphocytes from young and old mice
Next, we compared the expression levels of PAG mRNA in
CD4+ T cells from young and old mice. As shown in Fig. 2A,
the level of PAG mRNA in cells from old mice is much lower
than in cells from young mice. To investigate whether the age-
associated reductions in PAG protein and mRNA are speciﬁc
for CD4+ T cells, we also analyzed their levels in other lym-
phocytes. An age-associated reduction in PAG protein was
also detected in CD8+ T cells, but not in B cells (Fig. 2B).
The level of PAG mRNA in CD8+ T cells from old mice is
much lower than in cells from young mice as in the case ofd negative regulation of TCR signaling. (A) Resting CD4+ T cells from
n X-100, and the cell lysates were separated into Triton X-100-soluble
by Western blot using speciﬁc antibodies. Lipid raft components are
nsity gradient fractionation, and changes in the localization of adaptor
les were normalized for protein content in the cell lysates.
Fig. 2. Comparison of the expression levels of PAG protein and
mRNA in resting lymphocytes from young (Y) and old (O) mice. (A)
Expression levels of mRNAs for PAG and GAPDH were analyzed by
RT-PCR. (B) Expression levels of PAG protein were analyzed by
Western blot using speciﬁc antibody. Cells were treated with 0.1%
Triton X-100, and the cell lysates (same amounts of protein) were
subjected to immunostaining.
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in B cells (Fig. 2A). These results demonstrate that the age-
associated reduction in PAG is speciﬁc for T cells and can be
attributed, at least in part, to a reduction in its mRNA level.
3.3. Eﬀect of PAG reduction on the localization of Csk, and on
the phosphorylation of SFKs and other lipid raft-associated
proteins
It is interesting to examine the localization of Csk in old
mouse T cells, since PAG is thought to participate in the
recruitment of Csk to lipid rafts. Western blot analysis indicates
that there is much less Csk localizing in lipid rafts in old mouse
CD4+ T cells than in cells from young mice (Fig. 3A). We ob-
tained almost the same results for CD8+ T cells (data not
shown). Taken together, the above ﬁndings suggest that T cells
from old mice have a defect in a negative SFK regulatory sys-
tem. We thus investigated the tyrosine phosphorylation status
of SFKs and other lipid raft-associated proteins in resting
CD4+ T cells. The activity of SFKs is regulated by tyrosineFig. 3. Eﬀect of PAG reduction on the localization of Csk, and on the tyrosin
lysates (B) or lipid rafts (A and C) were prepared from young (Y) and old (O
rafts analyzed by Western blot. (B) Changes in the status of tyrosine phosph
anti-Lck or anti-Fyn antibody. Precipitates were subjected to immunostainin
raft-associated proteins. Lipid raft fractions were pooled and subjected to im
enhanced and reduced tyrosine phosphorylation in the old mouse T cell samphosphorylation at two sites with opposing eﬀects. Phosphory-
lation of the C-terminal Y505 in Lck (Y528 in Fyn) by Csk
inactivates the kinase activities, while autophosphorylation of
Y394 in Lck (Y417 in Fyn) leads to an increase in the kinase
activities [7]. As expected, the results show that the levels of
phosphorylated Lck Y505 and Fyn Y528 are signiﬁcantly lower
in old mouse T cells than in cells from young mice (Fig. 3B). In
contrast, the levels of phosphorylated Lck Y394 and Fyn Y417
are slightly higher in cells from old mice than in cells from
young mice. These results suggest that SFKs in old mouse
CD4+ T cells are in an activated state even under resting condi-
tions. Such activation of SFKs could cause enhanced tyrosine
phosphorylation of proteins in lipid rafts where SFKs are local-
ized. We thus examined this possibility and found that tyrosine
phosphorylation is enhanced in some raft-associated molecules
from old mouse resting CD4+ T cells (closed arrowheads)
(Fig. 3C).3.4. Relationship between PAG content and proliferative activity
We examined the relationship between PAG content and
proliferative activity in CD4+ T cells as a ﬁrst step in clarifying
the physiological signiﬁcance of the age-dependent reduction
in PAG. The results reveal that the reduction in PAG content
progresses nearly in parallel with the decline in proliferative
activity (Fig. 4). This suggests that the decrease in PAG and
accompanying activation of SFKs could be a cause for the
age-dependent decline in CD4+ T cell function.4. Discussion
In this study, we clearly demonstrate that CD4+ T cells from
old mice have a defect in a negative SFK regulatory system.
This defect may be a common in T cells since an age-associated
reduction in PAG and a concomitant impairment in recruiting
Csk to lipid rafts were also observed in CD8+ T cells. Our pri-
mary concern is whether an age-associated impairment in the
negative regulatory system is related to the decline in T cell
function. The results show that an age-dependent reduction
in PAG occurs in parallel with a decline in the proliferative
activity of CD4+ T cells (Fig. 4). In contrast, B cells, whose
proliferative activity declines very slightly with age [13], showe phosphorylation of SFKs and other lipid raft-associated proteins. Cell
) mouse resting CD4+ T cells. (A) Changes in Csk localization in lipid
orylation of Lck and Fyn. Cell lysates were immunoprecipitated with
g with the indicated antibodies. (C) Tyrosine phosphrylation of lipid
munostaining with anti-phosphotyrosine antibody (4G10). Bands with
ple are shown as closed and open arrowheads, respectively.
Fig. 4. Relationship between PAG content and proliferative activity. PAG contents were determined by measuring the intensity of PAG bands in raft
fractions in Fig. 1B and quantiﬁed by the image scanning application, MacSCOPE. For the assessment of proliferative activity, CD4+ T cells were
cultured in a 96-well plate at 37 C with 0.5 lg/well of plate-bound anti-CD3 and anti-CD28 antibodies. After 48 h, proliferative activity was
determined using CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega). Values for cells from young mice were taken as 100%, and
results are expressed as the means ± S.E. of three independent experiments.
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These ﬁndings suggest that the reduction in PAG is closely cor-
related with a decline in T cell function. This is the ﬁrst report
focusing on a causative relationship between impairment in a
negative SFK regulatory system and the age-associated decline
in T cell function. Along this line, there is a report that Lck in
resting T cells from elderly humans is hyperphosphorylated, a
ﬁnding interpreted as Lck activation by the authors [14].
Therefore, it would be interesting to examine whether elderly
human T cells have a defect in a negative regulatory system.
How does the defect in a negative regulatory system lead to a
decline in T cell function? In this study, we found that CD4+
T cells from old mice have a defect in a negative SFK regula-
tory system and a concomitant activation of SFKs even under
resting conditions (Figs. 1–3). It would be expected that loss of
PAG should result in more, not less, active T cells in old sub-
jects. However, in addition to upregulation, SFKs are also
known to participate in the downregulation of TCR signaling;
e.g. SFKs phosphorylate immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) and immunoreceptor tyrosine-based
switch motifs (ITSMs) of negative-signaling regulators such as
Siglecs and programmed death 1 (PD-1), which leads to the
recruitment of SH2 domain-containing phosphatase-1 (SHP-
1) and SHP-2 to the phosphorylated ITIMs/ITSMs, and thus
to the inhibition of activation signaling [15,16]. Therefore, it
is possible that the increased activity of SFKs resulting from
the reduction in PAG may have inhibitory eﬀects on T-cell
activation if SFKs preferentially phosphorylate ITIMs/ITSMs
in old mouse T cells. Such a situation may be formed, since the
organization of lipid raft components is signiﬁcantly altered
with aging [11,17]. It is also possible that activated SFKs
may enhance the phosphorylation of some molecules involved
in immune synapse (IS) formation, and thus aﬀect T cell sig-
naling, since IS formation is largely impaired in T cells from
old mice and elderly humans [11,17]. Lipid rafts are assembled
to form macrodomains, one of which is the IS. It is thought
that raft macrodomains are required for the eﬃcient activation
of immune cells, and are formed and maintained through asso-
ciation with the actin cytoskeleton [18]. HS1 (hematopoietic
lineage cell-speciﬁc protein 1), a homolog of cortactin, has
been reported to be indispensable for signaling events leading
to actin assembly and IL-2 production during T cell activation
[19]. Although the tyrosine phoshorylation of HS1 is required
for its targeting to the IS and for its functions, its enhanced
and constitutive phosphorylation may lead to ill-regulationof actin dynamics and an attenuation of IS formation. In this
context, it is interesting to note that SFKs constitutively acti-
vated in Csk-deﬁcient ﬁbroblasts cause enhanced tyrosine
phosphorylation of cortactin, leading to an impairment in
actin stress ﬁber organization [20]. We detected several raft-
associated molecules with enhanced tyrosine phosphorylation
in resting T cells from old mice as candidates for substrates
of the activated SFKs (Fig. 3C). The identiﬁcation and charac-
terization of these molecules will lead to a better understanding
of these possibilities.
In addition to the above possibilities, a reduction in PAG
may directly aﬀect raft assembly to form macrodomains.
PAG binds to EBP50, a linker to the ezrin/radixin/moesin pro-
teins bound to F-actin [21,22]. Thus, the association of PAG
with EBP50 functions to anchor lipid rafts to the cytoskeleton.
This suggests the possibility that T cells from old mice do not
form macrodomains, although there is an opposite hypothesis
that the anchorage of lipid rafts to the cytoskeleton through
PAG-EBP50 negatively regulates IS formation [22].
The above descriptions are based on the assumption that
PAG plays an essential role in the regulation of T cell activa-
tion. However, by analyzing PAG-deﬁcient mice, it was re-
ported that PAG is dispensable for T cell development and
functions [23,24]. Conversely, studies on PAG-overexpressing
T cells from transgenic mice have shown that PAG plays an
important role in the negative regulation of TCR signaling
[25]. Although the exact reason for the discrepancy between
these studies is unclear, other membrane adaptor proteins,
such as LIME and SIT [26], may compensate for the lack of
PAG when the PAG gene is knocked out in embryonic stem
cells [23,24]. In this respect, it would be interesting to know
whether such adaptor proteins are upregulated in PAG-deﬁ-
cient mice. In contrast, these adaptor proteins may not com-
pensate functionally for the progressive decrease in PAG
with aging. This speculation is consistent with the fact that
the age-associated reduction in PAG is accompanied by a
marked decrease in the amount of Csk localizing in lipid rafts
(Fig. 3A).
T cells from old subjects and the anergic T cells are similar in
that both are functionally unresponsive to TCR-mediated
stimulation. Very recently, a role for PAG in anergic T cells
has been suggested [27,28]. According to the results, PAG-
associated Fyn regulates calcium signaling and promotes an-
ergy in T cells. On the other hand, the majority of PAG was
lost in T cells from old mice, and the reduction in PAG oc-
M. Inomata et al. / FEBS Letters 581 (2007) 3039–3043 3043curred in parallel with a decline in T cell function. Hence, it
seems that their unresponsiveness is induced by distinct mech-
anisms.
Although the negative regulatory system for TCR signaling
has gone largely unnoticed until now, our ﬁndings bring a new
perspective to the search to elucidate of mechanism of the age-
related decline in T cell function.
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